The thermal decomposition of Avicel cellulose was studied by non-isothermal differential scanning calorimetry in hermetically sealed sample holders. The experimental results, which were published earlier, showed a marked catalytic effect of the water on the cellulose decomposition. Here we propose a reaction scheme containing two rate determining reactions to describe the result. The corresponding model resulted in a good fit between the experimental and the calculated data. The results indicate that the reaction starts with cellulose hydrolysis which may be followed immediately by decomposition reactions to intermediate products. The intermediates undergo further water catalyzed decomposition reactions giving char, water and gases. The results may help to understand biomass pyrolysis under experimental or industrial conditions where the thickness of the layer, the size of particles or the enclosure of the reactor keeps part of the water vapors formed during the reaction in the pores or between the particles of the decomposing material.
INTRODUCTION
The use of elevated pressures during biomass pyrolysis results in increased charcoal yield and reduced energy consumption [1, 2] . The industrial prospects of this field were the principal reasons for carrying out the present study on the fundamental chemical processes taking place in the presence of the pyrolysis products at elevated pressures.
Cellulose is generally believed to decompose by the Broido -Shafizadeh mechanism [3, 4] :
┌──────> Char + H2O + gases │ Cellulose ─────> Active cellulose ───┤ (1) │ └──────> Volatile "tars"
The experience of the present authors does not support this reaction scheme. The thermal decomposition of Avicel cellulose in thin layers (~0.1 mm) at moderate heating rates with a considerable flow rate of an inert purge gas evidenced simple patterns which can be described by the assumption of a single rate determining reaction [5, 6] . This rate determining reaction is probably the degradation of the cellulose to monomers and oligomers. The observed gases, vapors and chars may be due to the secondary reactions of the monomers and oligomers. When the transport of the volatile products from the sample layer is hindered, the decomposition mechanism becomes more complex and such phenomena arise which cannot be explained by the Broido Shafizadeh scheme. Mok and Antal [7] have shown that an increase of pressure decreases the endothermic reaction heat of cellulose decomposition. At a low flow rate of the inert purge gas the reaction turned exothermic at pressures higher than 0.5 MPa [7] . Várhegyi et al. [5] observed that the application of a closed sample holder with a pinhole at the top decreased the decomposition temperature and resulted in sharper DTG peaks in thermogravimetry -mass spectrometry experiments.Antal et al. [8] showed that the use of steam instead of an inert purge gas may decrease the decomposition temperature of cellulose in open sample holders. None of these observations can be explained by the Broido -Shafizadeh mechanism. To clarify the problems we studied charcoal formation from cellulose, hemicellulose and biomass plant materials in completely sealed sample holders by differential scanning calorimetry [9] . We found that higher sample loading increases the charcoal yield and lowers the reaction temperature. It was shown experimentally that the observed effects cannot be due to the self-heating during the exothermic decomposition. A systematic variation of the experimental conditions and addition of extra water to the sample proved that a major part of the observed effects are due to the catalytic influence of the water on the reaction. Since water is a major product of the decomposition, the overall process can be regarded to be an autocatalytic reaction. In the present study we shall deal with the reaction kinetic evaluation of the same experiments. Due to the complexity of the chemical reactions, the treatment is restricted to the cellulose experiments. We should like to underline, however, that essentially the same phenomena were observed in the experiments with cellulose, hemicellulose and whole biomass samples, hence the results may contribute to the better understanding of behavior the whole biomass samples, too.
EXPERIMENTAL

Measurements
A detailed description of the experimental work can be found in our previous paper [9] . Here only a brief summary is given. The measurements were carried out in a Setaram DSC 111 differential scanning calorimeter. Completely sealed high pressure sample holders were employed. To ensure chemical kinetic control of the decomposition, heat transfer problems were reduced by applying low heating rate (5°C/min) and relatively low amounts of cellulose (5 -23 mg). We found 5 mg to be the least amount of cellulose permitted by the sensitivity of the apparatus in sealed high pressure sample holders.The pressure during the decomposition was estimated in separate experiments and was found to be between 3 and 15 MPa. High purity microcrystalline cellulose (Avicel PH105) was employed. The samples had already some moisture (6.6%). To examine the effects of this moisture one experiment was executed using dry cellulose taken from a desiccator. Some of the experiments were carried out with the addition of 0.6 to 1.8 mg water to the cellulose. In a few experiments 20% acetic acid solution or solid CO2 was added to the samples before the DSC run. Since no marked effects were observed, the CO2 and CH3COOH experiments were not used in the present work. The measurements used in the kinetic calculations are summarized in Table 1 . They are divided into two groups. Group A contains the experiments measured at low amounts of cellulose (5 -10 mg). Group B contains the experiments of higher cellulose masses (14 -22 mg) and two special experiments, B1 and B2, which were carried out in volumes reduced by stainless steel inserts. Experiments B1 and B2 served to show that the temperature and sharpness of the DSC peaks are determined by the ratio of the cellulose mass and the volume of the sample holder (and not by a self-heating phenomenon). The experiments in Group A are thought to be more reliable (less distorted by systematic experimental errors) than the ones listed in Group B. Special figures showing the systematic variation of the DSC peak characteristics with the mass loading and amount of initial water content can be found in our previous work [9] . The Figures of the present paper are aimed only to show the fit between the calculated and the measured data. 
The amount of extra water added to the samples before sealing the sample holders. b Experiment with dried cellulose. c , d The dead volume of the sample holder was decreased by stainless steel inserts.
Calculations
The calculations were carried out by an "AT-486" type computer. The programs were written in FORTRAN and run under DOS. The method of least squares was applied with constraints described in the Results and Discussions. For each experiment a separate least squares sum was formed:
where Sj is the least squares sum of the jth experiment, (dq/dt)i exper and (dq/dt)i calc represent the points of a base-line corrected DSC curve and points calculated from the kinetic model, respectively, in units W/g.
The term (dq/dt)max is the highest experimental dq/dt value and Nj is the number of experimental points.
(The division by (dq/dt)max serves to normalize Sj.) Groups of experiments were evaluated simultaneously and
was minimized, where m is the number of the experiments in the given group. The fit between the experimental and the calculated dq/dt curves was characterized by a deviation expressed as percent:
Unfortunately, the experimental errors associated with the measured data were neither random nor independent of each other. Hence the elegant techniques of mathematical statistics were not applicable in judging the quality of the fit or finding a "best" parameter set. We considered a "good fit" to exist when a visual inspection of the results revealed a good match between the temperatures, width, size and shape of the experimental and the calculated dq/dt curves. This occurred at D values below 5%. We had to take into account the chemistry of the processes to make distinctions between the parameter sets resulting in good fits.
RESULTS AND DISCUSSIONS
General considerations
Hundreds of chemical reactions may occur in a closed sample holder. A workable model, however, can contain only a limited number of unknown parameters. Hence we must look for a simplified reaction scheme with a complexity commensurable with that of the Broido -Shafizadeh model. The DSC experiments in closed sample holders differ from our earlier TG-MS experiments in three crucial points:
(i) the volatile products cannot escape from the hot zone after their formation
(ii) the observed signal arises from both the primary and the secondary reactions (iii) the volatile end-products of the reaction (CO, CO2, H2O) accumulate in high concentration in the sample holder during the course of the decomposition. Note, that one of these products, H2O proved to have a strong catalytic effect on the decomposition [9] .
Considering the above factors one might expect complex DSC curves with special features (local maxima or shoulders) corresponding to the various partial reactions. In reality, however, we observed simple DSC curves with a single peak followed by a low "tailing" section. These curves resembled those of the open pan TG-MS experiments. The tailing section may result from the slow charring of the solid residue and was excluded from the kinetic evaluation. The simple, regular shapes of the DSC peaks suggested the possibility of a relatively simple model. As a first attempt we tried to explain the observed phenomena by the assumption of a single rate determining water catalyzed reaction. This type of modelling, however, resulted in activation energies higher than the chemical bond energies and was rejected. Hence we had to assume at least two rate determining reactions.
There are different ways to interpret these two rate determining reactions. We can assume that one reaction determines the rate of the solid phase reaction and one describes the secondary reactions of the volatiles. Since water addition shifts the whole DTG curve to lower temperatures, water seems to be participate in both reactions. An alternative way is to assume solid phase intermediate products which decompose in the second reaction into volatile products. The mathematical equations are identical in both cases. [7] . At that time, however, the catalytic influence of the water vapor had not been recognized.
Mathematical formulation
The mathematical equations belonging to reaction scheme (5) are formulated as follows. Let C, I
and W denote the amounts of cellulose, intermediates and water, respectively, divided by the initial cellulose mass. The concentration of water in the cellulose layer is assumed to be approximately proportional to the water vapor concentration in the gas phase, [H2O] . In this way the rate of the cellulose consumption in reaction 1 is assumed to be proportional to C and [H2O], while reaction 0 has first order kinetics:
where [H2O] is expressed in g/mL. The intermediates are produced by reaction 1 and consumed by reaction 2. Denoting the yield of intermediates from a unit mass of cellulose by YI, we get
Let Y0 and Y1 be the yields of water formed from a unit mass of cellulose through reactions 0 and 1, respectively, and let Y2 be the amount of water formed from a unit mass of intermediates in reaction 2. Then
The water concentration in the gas phase is approximated by
where m0 is the initial cellulose mass (g) and V is the internal volume of the sample holder (mL). We supposed here that the water is mainly in the vapor phase. The possibility of a separate liquid phase will be discussed later, in the paragraph dealing with the evaluation of Experiments B1 -B7. The initial conditions of equations (6) - (8) are
where W0 is the sum of the moisture content of the sample and the amount of optional extra water divided by the initial cellulose mass. From the definition of YI and Y1 follows
Each rate constant is assumed to be an Arrhenius type expression:
Note that temperature T is a linear function of time t. The heat of the overall reaction is composed from the heats of reactions 0, 1 and 2, hence
Here q is the reaction enthalpy and H0, H1 and H2 are the reaction heats of the partial reactions. 
Additional relations
Due to the great number of unknown parameters, we have to consider carefully, what other relations may exist. The parameters belonging to reaction 0 were taken from our previous work [5] [6] [7] : E0 = 233.8 kJ/mol, log A0 = 17.60, Y0 ~ 0.20, H0 ~ 240 J/g. We have some information about the overall water yield, too. The combined yield of the reaction products evaporating at room temperature was measured after each experiment and was found to be 31 ± 1 %. (Here the percent refers to the dry cellulose content of the sample and the quantity after the ± sign is the standard deviation.) Hence the overall water yield should be a value between 0 and ~0.31.Since only a very small portion of the cellulose decomposes through reaction 0 under our experimental conditions, we can approximate the overall water yield as Y1+YIY2 and use the following inequality as an approximation:
Unfortunately, the experimental method we applied in the present work did not allow the exact determination of the amount of water produced. Tables 2 and 3 , at the end of this document, as "test runs". A few evaluations were carried out with values higher than 230 kJ/mol, too. All of these calculations, however, resulted in the same signs and similar magnitudes of the parameters as the application of (15).
Evaluation of experiments A1 -A9
The practice of thermal analysis shows that the information content of a single thermoanalytical peak is usually not enough for the determination of more than four independent unknown parameters. One of the unknown parameters is connected with the peak area while the other three may be reaction kinetic parameters. (For a detailed review on this field see e.g. reference [10] ). In our case we have eight unknown parameters: A1, A2, E1, E2, Y1, Y2 and H1, H2. Hence the independent, one-by-one evaluation of the experiments is an ill-defined problem. Calculations of this type resulted in highly scattered values of the parameters. Though the signs and the magnitudes of the parameters revealed some useful information, the authors judged these results as not suitable for publication.
In other calculations we searched for a single parameter set describing the nine experiments simultaneously. These calculations resulted in bad fits which may be due to the fact that our case is different from the classical reasoning used in the deduction of the method of least squares from the principle of the maximum likelihood. As it has been mentioned already, the errors of points (dq/dt)i exper in sum (2) are not independent random errors. In modern thermal analysis, the random components of the errors are filtered out almost completely by the hardware of the apparatus and by the computerized data acquisition. The main components of the experimental errors are systematic and may vary from experiment to experiment [10] .
Since a single parameter set failed to describe nine experiments, we looked for parameter sets very close to each other. To achieve this, the nine experiments of group A were evaluated simultaneously. Each experiment had its own parameter set. The parameters of each experiment were varied independently of each other during the minimization. To force the parameters close to each other, a "penalty" was added to the least squares sum:
where ( Table 2 , at the end of this document. The assumptions indicated in the first column will be described later. The fact that the calculated kinetic parameters evidence low scatter shows that the experiments with different cellulose mass, moisture and amount of extra water can be described by the same chemical assumptions and almost identical parameters.
Cellulose hydrolysis as the first reaction step
The calculations resulted in a water yield for the first reaction of Y1 ~ -0.28. The conversion of this value into a molar quantity yields the consumption of 2.5 water molecules by each glucose unit of the cellulose. In the case of a regular cellulose hydrolysis process, one water molecule is absorbed by each glucose unit, which corresponds to
A recent study on cellulose hydrolysis at temperatures above 200°C supplied evidence for other type of cellulose hydrolysis reactions which do not yield sugars, but no details are known about these reactions [11] . From a chemical point of view it is hard to imagine reactions with Y1 ~ -0.28. It is more probable that the results indicate the mathematically ill-defined nature of Y1 in the model. To clarify this problem, we repeated the calculations by adding assumption (17) to the model. As the corresponding data of Table 2 show, deviations D [characterizing the fit by equations (2)- (4)] are slightly worse than in the previous case.
However, a visual observation of the experimental and the calculated dq/dt curves reveals that these calculations still result in good fit. (See Figure 1. ) Therefore the Y1 = -0.28 result of the free minimization is not considered significant. There is a further question, however: is the first reaction really a hydrolysis process or can the experiments be described with non-negative Y1 values, too? To get an answer, we carried out the calculations with the hypothesis
In that case the fit between the experimental and the calculated data was considerably worse. Deviation D was higher than 5% for 5 of the 9 experiments and a visual inspection of the fit revealed that the theoretical dq/dt functions were unable to describe the sharp peak tops of the experimental curves. Hence assumption (18) was considered less probable than assumption (17). Though the exact value of Y1 could not be determined, reaction 1 seems to be cellulose hydrolysis. Lacking any further information about Y1, we accept the plausible assumption of Y1 = -0.111.
The heat of the first reaction
As the H1 values of Table 2 show, the first reaction is markedly endothermic. We tested the significance of the endothermic reaction heat obtained by the model by carrying out test calculations with the hypothesis
The fit was worse than in any other case and Y1 converged to a value corresponding to the consumption of about nine H2O per one glucose unit of the cellulose. Hence (19) was rejected and the endothermic nature of reaction 1 was concluded to be significant. The reaction heat of the cellulose hydrolysis was measured by Kunihisa and Ogawa [12] who reported a slightly endothermic value (ca. 23 J per 1 g cellulose). To interpret our much higher H1, we may assume that the initial hydrolysis step is immediately followed by a quick endothermic decomposition of the hydrolysis products. In open pan experiments glucose is not stable above 160°C [13] . In the presence of water the decomposition reactions of glucose achieve a significant reaction rate only above 220°C [11] . However, no data are available to predict the chemical reactions of a glucose molecule nascent at 240-310 °C. And, as already mentioned, cellulose hydrolysis reactions leading to products other than glucose can also arise above 200°C [11] .
Evaluation of experiments B1 -B7
At high sample loading the partial pressure of the product water can reach the saturation point. The calculations have shown that the saturation pressure can be reached in the final section of the evaluated parts of the DSC curves, when the overall dq/dt is dominated by reaction 2. If reaction 2 is a vapor phase process, then it is enough to replace equation (9) Table 3 , at the end of this document. Concerning the applicability of assumptions (17) and (18), Table 3 shows the same tendencies as Table 2 . At the Y1 = -0.111, which appears to be the most probable value, the data of the two tables differ by less than 10 %. The fit belonging to the Y1 = -0.111 hypothesis is shown in Figure 2 . 
Applicability of the evaluation techniques used in this paper in other areas of thermal analysis
At present, the use of complex reaction mechanisms in the kinetic evaluation of the thermoanalytical experiments is rare. The situation we discussed under the heading "Evaluation of experiments A1-A9" appears to be a general problem of the field [10] . Relations (14), (15) 
CONCLUSIONS
Cellulose decomposition enhanced by the presence of water in sealed sample holders was described by mechanism scheme (5). The model resulted in a good fit between the experimental and the calculated data.
Nine experiments with varying cellulose mass, moisture, and amount of extra water were described by almost identical parameter sets proving that the same processes take place under the different experimental conditions and the model gives an acceptable description of these processes. The results indicate that the reaction starts with cellulose hydrolysis which may be followed immediately by decomposition reactions to intermediate products. The intermediate products, unable to escape from the hot zone of the sealed sample holder, decompose further giving char, water and gases. The model provides a rough approximation at very high sample loading which yield vapor + liquid phase water around 270 -300°C.
TABLE 2.
The average values and standard deviations a of the parameters resulting from the evaluation of experiments A1 -A9. The parameter sets of the different experiments were forced to be close to each other by constraint (16). --------------------------------------------------------------------------------- 
---------------------------------------------------------------------------------------
a Missing standard deviations indicate constant parameters. ±0 shows that the corresponding parameter hit the limit of a constraint.
TABLE 3.
The average values and standard deviations a of the parameters resulting from the evaluation of experiments B1 -B7. The parameters were forced to be close to the average parameters calculated from experiments A1-A9.
- ----------------------------------------------------------------------------------- ------------------------------------------------------------------------------------ 
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